The B6.Y TIR mouse fails to develop normal testes despite transcription of Sry, the primary testis-determining gene on the Y chromosome. Consequently, B6.Y TIR fetuses with bilateral ovaries develop into apparently normal but infertile females. This infertility can be mainly attributed to oocyte incompatibility for postfertilization development. In addition, abnormality in preovulatory follicles and rapid loss of oocytes have been observed in XY ovaries. This study examined the effect of gonadotropins on follicular development and atresia in B6.Y TIR prepubertal females. The results show that untreated XY females had fewer late preantral follicles and their frequency of atresia was lower. No other difference was found when they were compared with XX females. After treatment with gonadotropins for 24 h, frequency of atresia decreased in both XX and XY ovaries. After 48 h, most preovulatory follicles in XY ovaries were nonatretic, but the oocytes often were denuded. Immunocytochemical staining for connexin 43 detected punctate foci along the oocyte plasma membrane. The density of these foci changed during follicular development, which was similar in XX and XY ovaries. In conclusion, follicular development and atresia under the control of gonadotropins is not influenced by defective oocytes until the preovulatory phase.
INTRODUCTION
Female reproductive life is limited by the number of oocytes in the fetal ovary, which continually decreases after oocytes enter meiosis. Loss of oocytes through follicular atresia during cycling also contributes to the limited oocyte pool. One possible evolutionary advantage of follicular atresia may be a form of natural selection, in which only follicles that contain healthy oocytes ovulate [1] . Recent investigations have focused on the molecular mechanisms underlying follicular atresia [1] [2] [3] [4] [5] [6] . Nevertheless, we do not yet understand how follicles are selected for ovulation or atresia, and whether healthy oocytes are selected over defective oocytes. An XY sex-reversed female mouse model, named B6.Y TIR , may provide an opportunity to examine the association between oocyte quality and the fate of follicles. Although the mechanism of sex-reversal in this model remains unknown, our previous studies have shown that the 1 Supported by MRC grant MT-14801 to T.T., and NSERC grant OJP0041653 to R.-M.P. [7] [8] [9] . We reported that the Sry gene, the primary testis-determining gene on the Y chromosome, is present and transcribed at a normal onset time in all B6.Y TIR fetal gonads [10] . Nevertheless, the B6.Y TIR fetus develops ovaries or ovo-testes, but never a testis. XY offspring with bilateral ovaries develop into anatomically normal females, but none have produced litters, except in one case [7, 11] .
We previously reported that reproductive functions are impaired at multiple levels in the female B6.Y TIR mouse [11] [12] [13] . First, although normal oocytes and follicles appear to develop in young XY females, very few oocytes and follicles remain at 2 mo of age. Second, even while an ovary may be full of oocytes, an XY female lacks estrus cyclicity and produces few eggs at ovulation. Further studies have demonstrated all stages of follicles, except typical preovulatory follicles, in the young XY ovary. When oocytes are collected directly from a juvenile XY ovary, they may undergo efficient maturation and fertilization in vitro, but very few reach the blastocyst stage. Thus, infertility in a female B6.Y TIR mouse can be attributed to the quality of its oocytes. It remains to be determined if the defective oocytes are responsible for the failure of late-stage follicular development.
In a normal ovary, a selected population of primordial follicles enter the growth phase at the same time, but the majority of them should be eliminated by atresia before ovulation. Early phase atresia is characterized by a small number of granulosa cells with pyknotic nuclei [1, 14] . This phase is followed by disintegration of the basement membrane and infiltration of leukocytes in the granulosa layer. The last phase is the collapse of follicles, hypertrophy of the thecal layer, and disappearance of follicles. In all mammals studied thus far, exposure to FSH during late-stage follicle development appears to be required for their escape from atresia and development to the ovulatory stage [14, 15] .
In the present study, we examined the pattern of follicular development and atresia in the B6.Y TIR ovary. One objective was to delineate how a defective oocyte influences follicular development. We were particularly interested in the response of the XY ovary to eCG. We previously reported that the XY ovary is insensitive to eCG in testosterone production [12] . Furthermore, hCG/LH binding sites, which usually appear in mural granulosa cells of preovulatory follicles, are rare in the XY ovary [13] . We hypothesized that the XY ovary may also be less sensitive to FSH, and therefore have a higher rate of follicular atresia. eCG was used in the present study for consistency with our previous studies. To assess the presence of junctions between oocytes and cumulus cells, we performed immunocytochemical detection of connexin (Cx) 43. We have previously found that a high proportion of oocytes are denuded at late follicular stages in the XY ovary [13] . Accordingly, we speculated that oocyte denuding may be associated with follicular atresia.
MATERIALS AND METHODS

Mouse
Male B6.Y TIR mice (N30-32 backcross generations) carrying the B6 genetic background and the Y chromosome from a M. musculus domesticus house mouse (originally caught in Tirano, Italy) were maintained in our mouse colony and prepared as previously described [8] . B6.Y TIR progeny were produced by mating B6.Y TIR males with B6 females (Jackson Laboratory, Bar Harbor, ME). The day of delivery was defined as Day 0 postpartum (dpp). After weaning, the chromosomal sex of each mouse was determined by detecting the Zfy sequence by polymerase chain reaction amplification of DNA, using the primers and conditions designed by Nagamine et al. [16] . All experiments were conducted in accordance with the Guide to the Care and Use of Experimental Animals issued by the Canadian Council on Animal Care.
Detection of Apoptosis
Ovaries were dissected from B6.Y TIR and XX females at 26-29 dpp. eCG (G-4877; Sigma Chemical Company, St. Louis, MO) at 5 IU/mouse (0.1 ml of 16 g/ml solution) was i.p. injected into some females 24 and 48 h prior to their being killed. The ovaries were then fixed in 4% paraformaldehyde (or 3.7% formalin) in PBS (pH 7.4) at 4ЊC overnight, embedded in paraffin, and cut into 6-m sections. Sections at 1/4, 1/2, and 3/4 depth were selected to represent each ovary. All sections were deparaffinized through toluene and ethanol, treated with 20 g/ml proteinase K at 37ЊC for 15 min, and processed for TUNEL labeling (Boehringer-Mannheim, Indianapolis, IN) according to the manufacturer's protocol. After washing in PBS, the slides were rinsed in water twice, air dried under vacuum, and mounted in Antifade Prolong (Molecular Probes, Inc., Eugene, OR) containing 300 ng/ml 4Ј,6-diamidine-2Ј-phenylindole dihydrochloride (DAPI; Boehringer-Mannheim). Fluorescent signals were examined under a microscope (Axiophot; Zeiss, Don Mills, ON, Canada). The positive control was prepared by treatment of sections with 2 U/l DNase I in Dulbeccos PBS (BRL/Gibco, Grand Island, NY) at room temperature for 10 min prior to TUNEL labeling. All positive control slides showed homogeneous staining over the sections (data not shown).
Immunocytochemical Detection of Connexin 43
Ovaries were dissected from XX and XY females at 27-31 dpp either with or without PMSG treatment, and fixed in Bouins fixative for 36-48 h at room temperature [17] . Immunocytochemical staining of serial sections was performed as previously described [17, 18] . The polyclonal affinity-purified antibody against the synthetic peptide of Cx43 (amino acid sequence 282-297) was a generous gift from Dr. W.J. Larsen (University of Cincinnati). Its specificity has been previously described by Hendrix et al. [19] . The negative control was prepared by replacing the Cx43-specific antibody with preimmune serum. Microphotographs were taken with a Zeiss Axiophot microscope in bright field.
Statistical Analysis
In every section after TUNEL staining, all follicles containing oocytes were staged from three to eight according to criteria described by Peters [20] . (Type 2 follicles at the beginning of follicular growth were difficult to identify with DAPI counterstaining alone.) When three or more TU-NEL-positive cells were seen among the granulosa cells of a follicle, the follicle was recorded as being atretic. The data from three representative sections of each ovary were pooled and used for statistic analysis. All values are expressed as the mean Ϯ SEM. Statistical comparisons between two groups were made by unpaired Student's t-test.
RESULTS
Follicular Development and Atresia in Juvenile Ovaries
The number of follicles counted in three representative sections from each ovary is summarized in Table 1 . In the XX ovary, the total number of growing follicles decreased after treatment with eCG. In contrast, the number of follicles in the XY ovary remained constant, with or without eCG treatment. When XX and XY ovaries were compared, there were significantly fewer follicles in the XY ovary without eCG treatment or after treatment with eCG for 24 h, whereas the numbers were comparable after treatment with eCG for 48 h.
The distribution of follicles at varying growth phases is shown in Figure 1 . In the XX ovary without eCG treatment (control), the majority of follicles found were in late preantral stage (stage 5) and some were in early antral stage (stage 6). Treatment with eCG increased the proportion of follicles at preovulatory phase (stage 8) as well as those at early preantral stages (stages 3 and 4). Otherwise, the overall distribution of follicles was not very different either with or without eCG treatment. However, some of these follicles were undergoing atresia, as shown by closed columns. In the control ovary, about half of the follicles at stages 5 and 6 were atretic, and the small number of follicles at more advanced stages were mostly atretic. In contrast, after treatment with eCG for 24 h, the frequency of follicular atresia decreased at all stages, and all follicles at preovulatory stage were nonatretic. After treatment with eCG for 48 h, the frequency of atresia at late preantral and early antral stages (stages 5 and 6) increased to the control levels, while all preovulatory follicles remained nonatretic.
In the XY control ovary, the number of follicles at late preantral stage (stage 5) was less than half that in the XX ovary; however, the frequency of atresia at this stage was lower. Consequently, the number of nonatretic follicles was closer to the number observed in the XX ovary than it was to the total number of follicles. At other stages, both the number of follicles and the frequency of atresia were comparable to those observed in the XX ovary. After treatment (4) 100 ( with eCG for 24 h, a very small proportion of follicles were atretic. The numbers of nonatretic follicles at advanced stages were larger than in the control and similar to those in the XX ovary. In contrast, the number of follicles at earlier stages were much smaller than in the XX ovary. After treatment with eCG for 48 h, the frequency of atresia increased to the control levels at stages 5-7 whereas the majority of preovulatory follicles remained nonatretic. The frequency of atresia at stage 5 was considerably lower than it was in the XX ovary. The number and distribution of nonatretic follicles were similar to those in the XX ovary. Table 2 shows the percentage of atretic follicles at each stage that were used for statistic comparisons between different groups. When no follicle was found, it was impossible to perform calculations; therefore, the amount of available data in some stages was smaller than it was in others. Frequency of atresia decreased after treatment with eCG for 24 h with significant differences at stages 6 and 7 in both XX and XY ovaries. Frequency also decreased at stage 8 from 100% to 0%; however, limited data did not allow statistical evaluation. After treatment with eCG for 48 h, frequency of atresia returned to the control levels at stages 5 and 6 in both types of ovaries. The difference between XX and XY ovaries was significant at stage 5 in both the controls and after treatment with eCG for 48 h.
Examples of TUNEL staining are shown in Figure 2 . In controls, many follicles at late preantral and early antral stages contained abundant TUNEL-positive cells (i.e., atretic) in both XX and XY ovaries (Fig. 2, a and d ). After treatment with eCG for 24 h, very few follicles were atretic (Fig. 2, b and e). After treatment with eCG for 48 h, all preovulatory follicles were TUNEL-negative, whereas some smaller follicles in the XX ovary were atretic (Fig.  2c) . In contrast, in the XY ovary, some preovulatory and smaller follicles were atretic (Fig. 2f) . Partly denuded oocytes were seen in both XX and XY ovaries, but more frequently in the XY ovary. Some of the follicles containing denuded oocytes were negative for TUNEL staining (Fig. 2f) . Furthermore, some follicles containing abnormal oocytes (e.g., irregular in shape or enclosed in thin zona pellucida [ZP] layers) were also TUNEL-negative (data not shown). On the other hand, some morphologically normal follicles were full of TUNEL-positive cells (Fig. 2, a and  d) ; thus, no morphological features were associated with TUNEL-positive follicular atresia except for very advanced stages.
Expression of Connexin 43 in Oocyte-Cumulus Junctions
Immunocytochemical staining for Cx43 detected punctate foci along the oocyte plasma membrane as well as thick linings between granulosa cells (Figs. 3 and 4) . In the XX control ovary, Cx43-positive foci were occasionally seen along the oocyte plasma membrane in the minority of preantral follicles (Fig. 3a) . Before the ZP layer had thickened, it was difficult to distinguish Cx43 foci around the oocyte. The number of foci as well as the population of Cx43-positive oocytes increased with further follicular development (Fig. 3, b and c) . However, some oocytes had no or only a few Cx43 foci despite well-developed ZP in some advanced antral follicles (Fig. 3d ). After treatment with eCG for 48 h, the number of Cx43 foci along oocytes decreased at all follicular stages (Fig. 3, e and f) . In particular, Cx43 foci were rare along the plasma membrane of oocytes in preovulatory follicles (Fig. 3f) .
In the XY control ovary, a smaller proportion of oocytes appeared to contain Cx43 foci at most follicle stages compared with the XX ovary (Fig. 4, a-d ). After treatment with eCG, Cx43 foci were rather abundant in the XY ovary (Fig.  4 , e-h). Nonetheless, overall patterns of Cx43 staining were similar between XX and XY ovaries. In some advanced follicles, oocytes were partly denuded, yet Cx43 foci were clearly seen along the oocyte plasma membrane (Fig. 4h) .
No or very few Cx43 foci were seen around completely denuded oocytes (Fig. 4d) .
Monolayers of granulosa cells were found beneath the ZP layer of some oocytes in both XX and XY ovaries; however, they were more frequent in the XY ovary (Fig.  3, g and h) . Intense staining for Cx43 was seen along the oocyte plasma membrane as well as between invading granulosa cells.
DISCUSSION
Our previous studies have shown that late follicular development is impaired in the B6.Y TIR sex-reversed ovary [13] . Subsequently, very few oocytes can be ovulated from the XY female and, although these eggs can be fertilized, none develop beyond the two-cell stage [13, 21] . By contrast, when as small as 5% of XX cells are present in the B6.Y TIR ↔ XX chimeric female, normal fertility is observed, although the offspring are exclusively derived from XX oocytes [22] . These results suggest that the oocyte of the XY genotype is responsible for the failure in late folliculogenesis. We further studied the defect in the XY oocyte and found that the X and Y sex chromosomes remain unpaired during meiotic prophase in the fetal ovary [23] . Around half of the oocytes result in aneuploidy after the first meiotic division in vitro. These nuclear events in the oocyte alone, however, cannot explain the failure in late folliculogenesis that precedes oocyte maturation. The present study attempted to further clarify the impairment of follicular development and its association with defective oocytes in the XY ovary. It is known that most follicles undergo atresia unless rescued in the normal XX ovary, and that the early phase of follicular atresia can be detected only by biochemical methods [1] . Therefore, standard morphology alone, used in our previous studies, was not sufficient to document follicular development in the XY ovary.
Deficit in Preantral Follicles
The present results show that the total number of growing follicles was much smaller in the XY control ovary than in the XX ovary. This difference can be attributed mainly to the deficit in late preantral follicles in the XY ovary. The number and distribution of follicles at latter stages were comparable between the two types of ovaries. These ob- servations agree with the possible mechanism that adjusts the number of preantral follicles that continue through development and ovulation. This possibility is further supported by the observation that the frequency of atresia at late preantral stage is significantly lower, in favor of further follicular development, in the XY ovary.
Similar observations have been made in hemicastrated rats and aging mice [24, 25] . In these animals, fewer follicles are available in the growth phase and, as a result, fewer follicles undergo atresia during the selection process.
However, in the aging mouse, the frequency of atresia is reduced at all follicular growth phases, in contrast to our results in the B6.Y TIR female mouse. The difference may be attributable to cycling vs prepubertal animals [26] . In the present study, unfortunately, we could not examine cycling mice because the B6.Y TIR female never establishes regular estrus cyclicity, and it rapidly loses its oocytes at young ages [11] .
The smaller number of preantral follicles may reflect the limited oocyte pool in the B6.Y TIR ovary. We have previously found that all oocytes in the medullary region degenerate prenatally in the XY ovary [11] . The oocytes in the same region are destined to degenerate even in the normal XX ovary, but usually after follicles begin to develop around them in neonatal life. Consequently, secondary androgen-producing cells are deposited after follicular atresia in the XX ovary [27] . Therefore, it was conceivable that an excess number of oocytes in the cortical region may be recruited for follicular growth and atresia to compensate for the deficiency in androgen-producing cells in the XY ovary; however, the present results did not show any excessive frequency of follicular atresia in the XY ovary at the prepubertal ages examined. Accordingly, the oocyte pool must have been reduced in earlier postnatal life. Alternatively, the early phase of follicular development may be inefficient in the XY ovary.
Prevention of Follicular Atresia by eCG
After treatment with eCG for 24 h, the frequency of atresia decreased significantly in both XX and XY ovaries. These results suggest that FSH, the major component of eCG, can function efficiently to prevent follicular atresia in the XY ovary. It must be noted that the data in Figure 1 and Table 2 underestimate late follicular stages because only the follicles containing oocytes were counted. In fact, the ovary after treatment with eCG for 48 h was occupied by many preovulatory follicles, but only a few contained oocytes in selected sections.
Antral stage is the most crucial branching point in follicular development, and this is the stage during which gonadotropins exert their major regulatory actions [28, 29] . In addition to FSH, LH plays a key role in the growth of small antral follicles to the preovulatory phase [29] . Because we have observed a similar transition from antral to preovulatory stages in XX and XY ovaries after eCG treatment, not only FSH but also LH appears to be effective in the XY ovary. This finding may contradict our previous finding that eCG fails to increase testosterone production in the XY ovary [12] ; on the other hand, we have demonstrated normal distribution of LH/hCG binding sites in theca cells in the XY ovary [13] . The mechanism of LH insensitivity in steroid production in the XY ovary needs further investigation.
Development of Antral Follicles into the Preovulatory Phase
After treatment with eCG for 48 h, the overall distribution of follicles was similar between XX and XY ovaries. However, much higher proportions of follicles at antral stages were atretic in the XY ovary. Unexpectedly, most of the follicles at preovulatory stage were TUNEL-negative, although they often contained denuded oocytes. These observations suggest that denudation of oocytes is neither an immediate cause nor a consequence of follicular atresia. Our previous studies have shown that most preovulatory follicles in the XY ovary fail to express LH receptors in mural granulosa cells [13] . These follicles often contain, instead, thickening of thecal layers with abundant hCG binding. We believe that defective oocytes render late antral follicles to undergo precocious luteinization instead of entering the normal preovulatory phase in the XY ovary. Denudation of oocytes may reflect an improper follicular environment.
Oocyte-Cumulus Cell Junctions
The oocyte develops an intimate and interdependent association with its surrounding granulosa cells during folliculogenesis [30] [31] [32] . Cx37 is the predominant component of the oocyte-cumulus junction and plays an essential role in ovulation [33] . Cx43 is also expressed in granulosa cells in the ovary, and its expression is critically coordinated with follicular growth and atresia [34] [35] [36] [37] . However, expression of Cx43 in the oocyte-cumulus gap junction had not been conclusively demonstrated [33, 34] . In the present study, we have detected Cx43 in punctate foci along the oocyte plasma membrane when the ZP layer began to develop at early preantral stage. Moreover, the number of Cx43 foci in oocytes increased with advancement of follicular development. After eCG treatment, Cx43 foci decreased in most follicles, particularly preovulatory follicles, in the normal XX ovary. Therefore, distribution of Cx43 along the oocyte plasma membrane appears to be tightly associated with follicular development. Previous studies using fluorescent immunocytochemistry might have been unable to detect Cx43 staining in the oocyte-cumulus junction because these foci are much finer than those between granulosa cells. The high specificity and affinity of the antibody used, combined with histochemical staining for peroxidase, probably allowed us to detect the fine Cx43 foci in oocytes.
The distribution of Cx43 foci in oocytes in the XY ovary was similar to that in the XX ovary. This observation suggests that the communication between the oocyte and cumulus cells was maintained despite the defect in oocytes in the XY ovary. Furthermore, Cx43 foci remained in halfdenuded oocytes. Therefore, the high frequency of oocyte denudation at late follicular stages was unlikely a consequence of loss of oocyte-cumulus cell junctions. In our future studies, we would like to examine the expression of Cx37 and its association with Cx43 on the oocyte plasma membrane during follicular development.
Summary
The present study shows that follicular development and atresia are properly regulated by gonadotropins, despite defective oocytes in the XY ovary. However, at the last stage of folliculogenesis, most oocytes become denuded and their follicles appear to undergo precocious luteinization instead of ovulation. Neither atresia nor loss of Cx43 junctions precedes this transition. The mechanism that blocks the antral follicles to proceed into normal preovulatory phase in the XY ovary remains to be investigated.
